Objective: Regeneration of cortisol by 11b-hydroxysteroid dehydrogenase type 1 (11b-HSD1) within liver and adipose tissue may be of pathophysiological importance in obesity and the metabolic syndrome. single nucleotide polymorphisms (SNPs) in HSD11B1, the gene encoding 11b-HSD1, have been associated with type 2 diabetes and hypertension in population-based cohort studies, and with hyperandrogenism in patients with the polycystic ovary syndrome (PCOS). However, the functional consequences of these SNPs for in vivo 11b-HSD1 expression and activity are unknown. Methods: We explored associations of well-characterised hormonal and metabolic phenotypes with two common SNPs (rs846910 and rs12086634) in HSD11B1 in 600 women (300 with PCOS) and investigated 11b-HSD1 expression and activity in a nested study of 40 women from this cohort. Results: HSD11B1 genotypes (as single SNPs and as the combination of the two minor allele SNPs) were not associated with PCOS. Women who were heterozygous for rs846910 A and homozygous for rs12086634 T (GA, TT genotype) had a higher risk of metabolic syndrome, regardless of the diagnosis of PCOS (odds ratio in the whole cohortZ2.77 (95% confidence interval (CI) 1.16-6.67), PZ0.023). In the nested cohort, women with the GA, TT genotype had higher HSD11B1 mRNA levels in adipose tissue, and higher rates of appearance of cortisol and d3-cortisol (16.1G0.7 nmol/min versus 12.1G1.1, PZ0.044) during 9,11,12,12-2H4-cortisol (d4-cortisol) steady-state infusion. Conclusions: We conclude that, in a population of Southern European Caucasian women with and without PCOS, alleles of HSD11B1 containing the two SNPs rs846910 A and rs12086634 T confer increased 11b-HSD1 expression and activity, which associates with the metabolic syndrome.
Introduction
HSD11B1(*600713) encodes the enzyme 11b-hydroxysteroid dehydrogenase type 1 (11b-HSD1), which catalyses regeneration of cortisol from its inactive metabolite cortisone, thereby amplifying glucocorticoid receptor activation, e.g. in liver and adipose tissue (1) .
Both increased and decreased 11b-HSD1 activity have been implicated in the pathophysiology of common diseases. Glucocorticoid excess, e.g. in Cushing's syndrome, can cause features of the metabolic syndrome, including central obesity, hypertension and glucose intolerance. Transgenic overexpression of 11b-HSD1 in liver (2) or adipose tissue (3) in mice increases local glucocorticoid concentrations and recapitulates these features of metabolic syndrome. Conversely, inhibition (4) (5) (6) or disruption (7-9) of 11b-HSD1 ameliorates features of the metabolic syndrome. In human obesity, 11b-HSD1 expression is increased in adipose tissue (5, 10) but simultaneously decreased in liver (10, 11) . Decreased 11b-HSD1 expression results in impaired regeneration of cortisol and hence increased metabolic clearance rate for cortisol; the resulting compensatory activation of the hypothalamic-pituitary-adrenal axis may be responsible for adrenal androgen excess in some patients with polycystic ovary syndrome (PCOS) (12) (13) (14) .
Although a variety of hormonal and nutritional factors regulate 11b-HSD1 expression (1, 5) , there is circumstantial evidence that genetic factors contribute to inter-individual variation in cortisol regeneration. Common non-coding single nucleotide polymorphisms (SNPs) in the 5 0 -flanking region of HSD11B1 (rs846910, G to A) and in an enhancer region in intron 3 (rs12086634, T to G) have been associated independently with insulin resistance (15) , type 2 diabetes (15) and/or hypertension (16, 17) in several studies, although these observations have not been reproduced in all populations (18) and these variants are not associated with obesity. Conversely, the G allele of rs12086634, which causes lower 11b-HSD1 transcriptional activity in vitro (14) , is associated with hyperandrogenism among lean women with PCOS (13) , although it is not more common among PCOS cases as a whole (19) . However, the consequences of these noncoding polymorphisms for 11b-HSD1 expression and function in vivo have not been determined.
In subcutaneous adipose tissue biopsies, neither rs846910 nor rs12086634 genotype predicted HSD11B1 mRNA in adipocytes in 61 subjects from a native N American cohort (15) . Urinary ratios of cortisol:cortisone metabolites, an indicator of activity of steroid metabolising enzymes including 11b-HSD1, are not associated with rs846910 genotype (20, 21) .
We performed this study to address the following research questions: i) does the distribution of rs846910 and rs12086634 gene variants differ between PCOS and controls? ii) are rs846910 A and rs12086634 T genotypes associated with the metabolic syndrome? iii) is this eventual association a characteristic of PCOS or is it present in the whole cohort? iv) do rs846910 and rs12086634 gene variants influence in vivo 11b-HSD1 expression and activity?
To answer these questions, we genotyped a cohort of 600 women in whom metabolic and endocrine variables were carefully assessed and half of whom had PCOS, and selected 40 participants with contrasting genotypes for a nested study in which we performed more detailed measurements of 11b-HSD1 activity, including stable isotope tracer measurements (22) .
Methods

Participants and protocols for the main cohort
We investigated 300 unmedicated Caucasian women with PCOS, aged 18-45 years, and 300 Caucasian controls recruited from the general population in Northern Italy, and compared for age and body weight. PCOS women had at least two of the following characteristics: i) chronic oligoanovulation; ii) hirsutism (Ferriman-Gallwey score R8 or elevated serum total testosterone levels (23)); iii) polycystic ovarian morphology at ultrasound, according to the Rotterdam consensus conference criteria (24) .
Hyperprolactinaemia, Cushing's syndrome, congenital adrenal hyperplasia and androgen-secreting tumors were excluded by laboratory analysis (23) . Inclusion criteria for controls were the absence of signs of hyperandrogenism (hirsutism, acne or alopecia) and the presence of regular ovulatory menstrual cycles (progesterone levels R8 ng/ml during the luteal phase (23)). Exclusion criteria for both PCOS and controls were the presence of thyroid dysfunction, cardiovascular, renal or liver diseases screened by clinical examination and routine laboratory findings. Anthropometric data (height, weight, waist and hip circumferences), and systolic and diastolic blood pressure were measured, as described previously (23) . All subjects completed a 24 h urine collection and attended our centre at 0800-0830 h after overnight fast. Basal blood samples for metabolic measurements (glucose, insulin, total cholesterol, HDL-cholesterol and triglycerides) were collected. Samples were immediately chilled on ice and centrifuged, and serum was stored at K20 8C. Blood samples for DNA extraction were collected in disodium-EDTA and stored at 4 8C. Studies were performed between day 5 and 10 of the menstrual cycle, or during amenorrhoea, after excluding pregnancy by appropriate testing.
The metabolic syndrome was assessed by the National Cholesterol Education Program Expert Panel on Detection, Evaluation and Treatment of High Blood Cholesterol in Adults (NCEP/ATPIII) criteria (25) , as we have recently demonstrated the high concordance between the three classifications (NCEP/ATPIII, International Diabetes Federation (IDF) and American Heart Association/National Heart Lung and Blood Institute (AHA/NHLBI)) in diagnosing the metabolic syndrome in PCOS women as well as in controls (26) .
NCEP-ATPIII criteria required that an individual meet at least three of the following parameters: i) waist circumference R88 cm; ii) fasting glucose R110 mg/dl (6.105 mmol/l); iii) triglycerides R150 mg/dl (1.695 mmol/l); iv) HDL-cholesterol !50 mg/dl (1.295 mmol/l) and v) blood pressure R130/85 mmHg.
Participants and protocols for the nested cohort
From the main cohort, 40 women were selected to provide approximately balanced groups of subjects with contrasting HSD11B1 genotypes and balanced numbers with or without PCOS within each genotype group. We first randomly selected PCOS subjects from each genotype group and then chose controls matched to each PCOS subject for genotype, age, body weight and waist circumference. These women attended our centre on two further study days. On the first day, they completed a 24 h urine collection for the measurement of cortisol and its metabolites, and attended after overnight fast. To evaluate adipose 11b-HSD1 expression and activity, w300 mg subcutaneous needle aspiration biopsy of subcutaneous adipose tissue from the anterior abdominal wall were obtained and stored at K80 8C as described previously (27) . After the biopsy procedure, 9,11,12,12-(2H)4-cortisol (d4-cortisol, Cambridge Isotopes, Andover, MA, USA) was infused at 20 molar per cent excess in cortisol (Flebocortid Richer, Sanofi-Aventis S.p.A., Milano, Italy) at 1.74 mg/h after a priming bolus dose of 3.5 mg, and blood sampled at intervals for 4 h (22). d4-Cortisol was administered for estimating whole-body regeneration of cortisol by 11b-HSD1. The evening prior to the second assessment day, subjects took an oral dose of 1 mg dexamethasone (Decadron, Visufarma S.p.A., Roma, Italy) at 2300 h, for suppressing the endogenous cortisol production, and fasted overnight. At 0800 h, an oral dose of 25 mg cortisone acetate (Cortone Acetato, Giuseppe Rende S.r.L., Roma, Italy) was administered, and blood samples were obtained at intervals for 4 h to measure plasma cortisol. The conversion of oral cortisone into plasma cortisol allowed us to estimate the activity of 11b-HSD1 in the liver.
Approval from the ethics committee and informed consent was obtained for all studies, according to the guidelines established by the Institutional Review Board at S. Orsola-Malpighi Hospital and in accordance with the Declaration of Helsinki.
Genotyping
DNA was extracted using QIAamp DNA Blood Kit (Qiagen, Inc.). Genotyping of rs12086634 and rs846910 was undertaken by single nucleotide primer extension (SNuPE) and denaturing high-performance liquid chromatography (DHPLC), adapted from Hoogendoorn et al. (28) . Both HSD11B1 gene fragments were amplified together by PCR for 35 cycles, each consisting of 30 s at 95 8C, 30 s at 65 8C and 20 s at 72 8C. Primers for rs12086634 were 5 0 -CTGAGGTTT-GCCCAACAAGATTTC-3 0 (forward) and 5 0 -CACTGCTG-GAGGTGAGTATTAGAG-3 0 (reverse), and for rs846910, 5 0 -GCAGCCTCAGCACACTACATTG-3 0 (forward) and 5 0 -GTCCCACTTACCAGCCAGAGAG-3 0 (reverse). Reactions were performed in 10 ml final volume using 25 pmol of each primer, 40 ng of genomic DNA, 200 mM dNTPs, 2 mM MgCl2 and 0.08 units of AmpliTaq Gold (Applied Biosystems) in the buffer provided by the manufacturer. PCR products were treated with 2 ml Exo-SAP-IT (Amersham Biosciences) to hydrolyse unincorporated nucleotides and degrade primers in excess. Primer extension reactions were carried out in one reaction in 25 ml containing the purified PCR products, 50 mM of the appropriate ddNTPs (ddATP, ddGTP and ddCTP), 200 pmol primer and 1.25 units of Thermo Sequenase (Amersham Biosciences) in the buffer provided by the manufacturer. SNuPE reactions were performed in a thermal cycler with 35 cycles each consisting of 30 s at 94 8C, 15 s at 55 8C, 60 s at 60 8C, followed by 2 s at 15 8C. Primers were forward 5 0 -GTTGCTTGTGCTT-GATTCCATTTATTCTGGTG-3 0 for rs12086634 and reverse 5 0 -GCAAGAGATGGCTATATTAAGAAATC-3 0 for rs846910. Solution (10 ml) containing extended primers was loaded on a SaraSep DNASep column (Transgenomic, San José, CA, USA) at 80 8C and separated by DHPLC (Wave, Transgenomic) using a linear acetonitrile gradient (over 7 min from 20 to 37% acetonitrile in 0.1 M triethylamine acetate buffer, pH 7) at a constant flow rate of 0.9 ml/min. Data were acquired using a u.v. detector at 260 nm.
To confirm the effectiveness of the method, 100 samples were previously screened by allelic discrimination TaqMan Assay by design (Applied Biosystems) for rs12086634 and by direct sequencing using Big Dye Terminator for rs846910, as described by Nair et al. (15) .
Hormone and biochemical assays
The assays for hormonal and biochemical measurements have been reported elsewhere (23, 29, 30) .
Analyses of d4-cortisol and its metabolites
Plasma 9,11,12,12-(2H)4-cortisol (d4-cortisol), 9,12,12-(2H)3-cortisone (d3-cortisone) and 9,12,12-(2H)3-cortisol (d3-cortisol) were measured by liquid chromatography/tandem mass spectrometry as described previously (31) , and tracer kinetics was calculated using the mean of five measurements in steady state between 180 and 240 min of d4-cortisol infusion. Rate of appearance of d3-cortisol was calculated as (d4-cortisol infusion rate)/(d4-cortisol:d3-cortisol ratio). Rate of appearance of cortisol was calculated as (d4-cortisol infusion rate)/(d4-cortisol:cortisol ratio)K(cortisol infusion rate).
Analysis of urinary steroids
Cortisol and its metabolites (5b-tetrahydrocortisol (5b-THF), 5a-THF, 5b-tetrahydrocortisone (5b-THE), cortols, cortolones and cortisone) were measured in 24 h urine by electron impact gas chromatography-mass spectrometry (GC-MS) with minor modifications from a previously described method (32) . Briefly, an urine aliquot was equilibrated with internal standards (11a-epi-THF and 11a-hydrocortisone). Steroids were purified by Sep-Pak C18 extraction, and conjugates were hydrolysed with b-glucuronidase, re-extracted and converted to methoxyamine-trimethylsilylimidazole derivatives, before injection into a GC-MS (Agilent, Santa Clara, CA, USA: GC 6890-MS 5973) in selected ion mode. Cortisol and its metabolites were quantified by the ratio of metabolite:internal standard area against standard curves for each steroid, included in every assay batch. Total cortisol excretion was calculated from the sum of 5b-THF, 5a-THF, 5b-THE, cortols and cortolones. The balance of 11b-HSD1 and 11b-HSD2 activities in all tissues was assessed as the ratio (5a-THFC5b-THF)/5b-THE, and renal 11b-HSD2 activity was assessed as urinary cortisol/cortisone ratio.
Analysis of adipose tissue 11b-HSD1 mRNA and protein levels
Approximately, 500 mg of fat were homogenised in 1 ml TRIzol (Invitrogen), RNA quantified by spectrophotometry, and RNA integrity checked by agarose gel electrophoresis. RNA (1 mg) was reverse transcribed using the Invitrogen Reverse Transcription System, and transcript levels for 11b-HSD1 were quantified by real-time PCR with primer-probe sets from PE Applied Biosystems:
0 (reverse), and 5 0 -6-FAM-CTTGGCCTCATAGACACAGAAACAGCCA-TAMRA-3 0 (probe). Amplification and detection were performed with the iCycler iQ Real-Time PCR detection system (Bio-Rad Laboratories) with the following profile: 50 cycles consisting of 30 s at 95 8C and 60 s at 60 8C. The real-time PCR amplifications were performed in 25 ml reaction volume with 300 mM primers, 300 mM TaqMan probe and 2!IQ Supermix (Bio-Rad Laboratories). Human cyclophilin A (PE Applied Biosystems) was used to normalise the 11b-HSD1 transcript levels. A standard curve was generated in triplicate by serial dilution of cDNA pooled from several subjects. Each sample was run in duplicate, and the mean of the duplicates was expressed as a fold difference in RNA level versus an internal control sample. RT negative controls and intron spanning primers were used to control for genomic DNA contamination and prevent its amplification respectively.
To estimate total 11b-HSD1 protein, activity was measured in the dehydrogenase direction, which is the most stable in vitro, as described previously (10) . Briefly, 250 mg tissue were homogenised in KREBS buffer. Total protein (400 mg/ml) was incubated with 2 mM NADP, 0.2% glucose and 100 nM cortisol (of which 10 nM 1,2,6,7-(3H)4-cortisol) and incubated at 37 8C for 30 h. Aliquots were withdrawn at intervals (6, 24 and 30 h), and conversion to 1,2,6,7-(3H)4-cortisone was measured by HPLC with online scintillation detection.
Results are expressed as picomole of product generated per microgram of homogenised tissue.
Statistical analysis
The number of cases included in the main cohort was calculated taking into account the previously reported minor allele frequency (MAF; A allele) for SNP rs846910 of 13% in PCOS and of 6% in controls (13); a case-control study of 600 subjects has a power of 80% to replicate this difference in prevalence at a significance level of P!0.05. The number of cases included in the nested cohort was calculated anticipating a difference between genotype groups of at least 20% in d3-cortisol production and 5% in 11b-HSD1 mRNA level; a case-control study comparing groups of ten subjects has a power of 80% to detect these differences at a significance level of P!0.05.
The distribution of HSD11B1 genotypes (rs846910 and rs12086634) as single SNPs and as the combination of the two SNPs in PCOS cases versus controls was analysed by the c 2 test. It was not possible to classify haplotypes for rs846910 and rs12086634 accurately because of the ambiguity estimated for the haplotypes GT/AG or GG/AT in either PCOS or controls by Arlequin analysis. Whether the distribution of genotypes was consistent with the Hardy-Weinberg equilibrium was examined using the c 2 test, and linkage disequilibrium was measured by Haploview 4.1 Software (http://www.broad.mit.edu/mpg/haploview).
Continuous data were evaluated by one-way or twoway ANOVA, or two-way repeated-measures ANOVA, as appropriate. Bivariate logistic regression was used to estimate the association of the metabolic syndrome or of the individual components of the metabolic syndrome with HSD11B1 genotypes (as a combination of rs846910 and rs12086634) and with PCOS status.
Data are shown as meanGS.E.M. and frequencies. Statistical analyses were performed by the SPSS/PCC version 8 Software package (Chicago, IL, USA). Two-tailed P values !0.05 were considered statistically significant.
Results
Analyses in 600 women with and without PCOS
The distributions of genotypes for single SNPs and for the combination of the two SNPs in the whole cohort are shown in Table 1 . MAF were 0.038 for rs846910 A allele and 0.151 for rs12086634 G allele. No participants were homozygous for rs846910 A allele. The two SNPs did not deviate from the Hardy-Weinberg equilibrium in either group (PZ0.51 and 0.47) and did not show linkage disequilibrium (D 0 Z0.21 and r 2 Z0.01). There were no differences in the prevalence of either SNP or combination of the two SNPs between PCOS cases and controls. Very few participants had genotypes GA, GG (nZ1) or GG, GG (nZ11) so they were included in the GA, TG and GG, TG groups, respectively, in further analyses.
There was a significant association between GA, TT genotype and risk of the metabolic syndrome (odds ratio (OR) 2.77, PZ0.023) in the whole cohort, regardless of the diagnosis of PCOS (Table 2 ). In contrast, the genotype GG, TG or GG, GG was protective against the metabolic syndrome in the whole cohort (ORZ0.43, PZ0.011). There were no interactions between genotype and PCOS status in predicting the metabolic syndrome ( Table 2) .
Regarding individual components of the metabolic syndrome, we found that GA, TT genotype was significantly associated with low HDL-cholesterol (ORZ3.20, PZ0.011) and with hypertension (ORZ2.60, PZ0.031), whereas GG, TG or GG, GG genotype was protective against high waist circumference (ORZ0.55, PZ0.005) in the whole cohort, regardless of the diagnosis of PCOS (Table 3 ). There was no association detected between HSD11B1 genotypes and either high glucose or high triglycerides (Table 3) . Cortisol metabolites were measured in urine to assess relationships between HSD11B1 genotypes and in vivo 11b-HSD1 activity (Table 4 ). In accordance with previous reports for individual SNPs (22, 23) , the combination of rs846910 and rs12086634 SNPs did not predict urinary (5a-THFC5b-THF)/5b-THE ratio.
Analyses in 40 women with contrasting HSD11B1 genotypes
To characterise the effect of HSD11B1 genotypes on in vivo 11b-HSD1 expression and activity in greater detail, a nested study was conducted in 20 PCOS and 20 control women representing the four most common genotypes (GA, TT, nZ4 PCOS and nZ4 controls; GG, TT, nZ6 PCOS and nZ6 controls; GA, TG, nZ4 PCOS and nZ4 controls; GG, TG, nZ6 PCOS and nZ6 controls). The group with the GA, TT genotype had higher whole body rates of appearance of both cortisol (reflecting the combination of adrenal cortisol secretion and net regeneration of cortisol by 11b-HSD1) and d3-cortisol (reflecting exclusively the contribution of 11b-HSD1 (22)) (Fig. 1A and B) . In addition, women with the GA, TT genotype had higher adipose 11b-HSD1 mRNA levels (Fig. 1C) . The activity of 11b-HSD1 in the liver ( Fig. 2A) , measured as appearance of cortisol on first pass conversion after an oral dose of cortisone, and in subcutaneous adipose tissue (Fig. 2B) was not significantly different in women with different genotypes.
Discussion
In this study, we found that: i) the distribution of rs846910 and rs12086634 gene variants does not differ between PCOS and controls; ii) rs846910 A and rs12086634 T genotype is associated with the metabolic syndrome; iii) this association was evident in the whole cohort; and iv) rs846910 A and rs12086634 T genotype is characterised by increased 11b-HSD1 transcript levels in adipose tissue and increased wholebody regeneration of cortisol from cortisone.
Therefore, these results show that Southern European Caucasian women with HSD11B1 alleles containing the two SNPs rs846910 A and rs12086634 T have increased adipose 11b-HSD1 expression and increased whole-body 11b-HSD1 activity, associated with increased prevalence of the metabolic syndrome. These findings strengthen the evidence that variations in 11b-HSD1 activity influence the metabolic profile and provide a crucial missing link by demonstrating that HSD11B1 genotypes influence enzyme activity in vivo.
Previous studies of variation in the HSD11B1 gene in native N American Pima Indians showed that rs846910 and rs12086634 are in complete linkage disequilibrium and independently associate with type 2 diabetes and hypertension (15, 16) . The discrepancy Table 4 24 h urinary cortisol metabolites in PCOS cases and controls according to HSD11B1 genotypes (as combination of SNPs rs846910 and rs12086634). Data are meanGS.E.M. Genotypes are shown as alleles for rs846910 followed by alleles for rs12086634.
Variables
GG, TT (nZ405)
GG, TG or GG (nZ149)
GA, TT (nZ26)
GA, TG or GG (nZ20) *P values were calculated by two-way ANOVA; P for genotypes, comparison among the four genotypes; P for diagnosis, comparison between PCOS and controls; P for interaction, evaluation of the interaction between genotypes and diagnosis in the entire population.
with our results, where we found that the two SNPs do not show linkage disequilibrium, probably depends on the type of population studied. In particular, Pima Indians are genetically homogenous in contrast to Caucasian women, studied by us, who have a great genetic admixture. The allele frequencies in Pima Indians were higher (rs846910 A 13%; rs12086634 T 46%), and there was no interaction in that population to suggest that combination of genotypes is important. However, studies in European populations have focused on variants in intron 3 closely linked to rs12086634 (14) and have not found associations with features of metabolic syndrome (18) . Our data suggest that, at least in Europeans, alterations associated with the intron 3 enhancer region (14) are insufficient to measurably affect phenotype. Moreover, a variation in the 5 0 -flanking region associated with rs846910 is insufficient to alter enzyme activity, consistent with our recent findings that the in vitro HSD11B1 promoter activity is the same for both alleles of rs846910, irrespective of the addition of the transcriptional activator, C/EBPa (33) . However, in this population, the combination of variation in intron 3 and in the 5 0 -flanking region is sufficient to increase 11b-HSD1 expression and activity. This is the first study to undertake comprehensive functional studies of 11b-HSD1 activity, both whole body and tissue specific, in subjects with contrasting HSD11B1 genotypes. Ratios of cortisol/cortisone metabolites in urine provide an accessible, but imprecise, index of whole-body 11b-HSD1 activity, because these ratios GA, TT GG, TT GA, TG GG, TG 11b-HSD1 mRNA (AU) ** * Figure 1 Whole-body 11b-HSD1 activity, measured by d4-cortisol infusion test, and adipose 11b-HSD1 expression according to HSD11B1 genotype (as combination of SNPs rs846910 and rs12086634). Data are meanGS.E.M. for women with genotypes GA, TT (nZ4 PCOS, nZ4 controls); GG, TT (nZ6 PCOS, nZ6 controls); GA, TG (nZ4 PCOS, nZ4 controls); and GG, TG (nZ6 PCOS, nZ6 controls). (A) Rate of appearance of cortisol calculated from dilution of d4-cortisol by unlabelled cortisol during steady-state d4-cortisol infusion. By one-way ANOVA, genotype had an effect (PZ0.040). (B) Rate of appearance of d3-cortisol calculated from dilution of d4-cortisol by d3-cortisol during steady-state d4-cortisol infusion. By one-way ANOVA, genotype had an effect (PZ0.044). (C) 11b-HSD1 mRNA levels in subcutaneous adipose tissue, expressed as a ratio to cyclophilin internal control. By one-way ANOVA, genotype had an effect (PZ0.041). *P!0.05, **P!0.01 versus GA, TT. are influenced by the activity of other enzymes, such as 11b-HSD2 and reductases. Similar to other reports (20, 21), we did not find any relationship between HSD11B1 genotypes and urinary cortisol/cortisone metabolite ratios (Table 4) . Whole-body regeneration of cortisol by 11b-HSD1 can be measured specifically using the d4-cortisol stable isotope tracer (22, 34, 35) . The rate of appearance of d3-cortisol was strikingly higher in women with the GA, TT HSD11B1 genotype. The major source of extra-adrenal cortisol regeneration is the liver (34, 35) , but recent data confirm that there is a contribution from adipose tissue (31) .
Liver 11b-HSD1 can be measured without hepatic vein cannulation by administering oral cortisone and measuring the initial rate of appearance of cortisol in peripheral plasma after first pass hepatic metabolism (35) . Using this tool, we did not find an association between HSD11B1 genotype and liver 11b-HSD1 activity. However, in subcutaneous adipose tissue, women with the GA, TT genotype had higher 11b-HSD1 transcript levels. Tissue-specific dysregulation of 11b-HSD1 is well established in obesity in rodents and humans (1, 10) , and may relate in part to tissue-specific use of promoters (36) and/or to differential effects of C/EBP transcription factors in liver and adipose (37) ; the promoter activity may be influenced by genetic variation.
There is good evidence that genetic variation in the gene encoding hexose-6-phosphate dehydrogenase (H6PDH) influences 11b-HSD1 activity by controlling availability of cofactor NADPH within the endoplasmic reticulum (14, 38, 39) . Profound deficiency in 11b-HSD1 activity appears to result from mutations in H6PDH rather than HSD11B1 (14) . However, we did not investigate the role of H6PDH in this study, because mutations in H6PDH are too rare to obtain adequate statistical power in this cohort.
Genetic association studies must be interpreted cautiously in view of the risk of false positives. However, several observations suggest that the associations of HSD11B1 genotype with metabolic syndrome observed in this study are not spurious. Variants in HSD11B1 have been associated with the metabolic syndrome in other cohorts (15) (16) (17) but are not included in the chips that have been used commonly in genome-wide association studies to date. We have shown that HSD11B1 genotype predicts variation in enzyme function, and we know from numerous studies in animal models and in humans that variations in 11b-HSD1 activity influence metabolic syndrome variables (1) . The association of HSD11B1 genotypes with the metabolic syndrome was driven primarily by links with low HDL-cholesterol and high blood pressure; HSD11B1 genotype was not closely linked with glucose homeostasis or hypertriglyceridaemia. In mice, increased 11b-HSD1 activity selectively in liver (2) or adipose tissue (3) is sufficient to induce hypertension and hyperinsulinaemia, while cross-sectional studies in humans describe associations of adipose 11b-HSD1 expression with insulin sensitivity and blood pressure (40) . Although the relative youth of this cohort of women may mitigate against detecting effects on glucose, this observation may be important in highlighting different consequences of variations in 11b-HSD1 in mice and humans.
Our results confirm previous reports that variants in HSD11B1 are not associated with the prevalence of PCOS (19, 20) and extend these findings to include rs846910 and its combination with rs12086634.
In conclusion, complex variations in the HSD11B1 gene have functional consequences for enzyme activity in vivo, particularly in adipose tissue, which influence fat distribution and its metabolic consequences. These findings reinforce the importance of 11b-HSD1 as a pathophysiological mediator and therapeutic target in the metabolic syndrome.
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